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Canine parvovirus is a remarkable example of the emergence of a new viral pathogen. It was first identified in 1978 and within a few months it had become pandemic (4). It is now endemic in all populations of domestic and wild canids that have been examined. Sequence and other data (5) indicate that CPV is closely related to feline panleukopenia virus (FPV). Genetic recombination mapping shows that four coding and three noncoding changes within the coat protein region can endow FPV with the ability to replicate in dogs (6). Viral infection is initiated by attachment to a cell surface receptor (7), probably a glycoprotein with terminal sialic acid residues (8). Parvoviruses have a diameter of -255
. This result suggests that the amino-terminal portion of VP-2 is internal in empty particles but exposed in full particles. The amino end of VP-1 is unusually basic and, together with polyamines (14) , may help neutralize the DNA.
The packaged single-stranded DNA is the complement of the coding sense in CPV. In addition to the structural proteins, the genome also codes for one nonstructural protein, NS-1, and possibly for a second, NS-2. NS-I is covalently linked to the 5' end of newly synthesized DNA and, when packaged, is external to the viral capsid (15) . However, in later stages of infection this linkage is often disrupted by extracellular nucleases. The total genome has been sequenced for a number of autonomous and adeno-associated parvoviruses (16), including CPV (6, 17, 18). A glycine-rich sequence (GSGNGSGGGGGGGSGGVG) (19) , representing residues 22 to 39 in VP-2 of CPV, is well conserved in autonomous parvoviruses. Structure determination. X-ray diffraction data for various morphologically indistinguishable crystal forms were collected for full (23) particles and some isomorphous heavy-atom derivatives of these at the Cornell High Energy Synchrotron Source (CHESS). Data for the empty particles were collected at CHESS and the Synchrotron Radiation Source in Daresbury, England. Oscillation angles varied from 0.3 to 0.7°. In addition, attempts were made to collect very low resolution data by increasing the crystal-to-film distance from 100 to 300 mm to help with the initial phase determination. Crystals were randomly oriented. Initial indexing was usually achieved by the auto-indexing procedure of Kim (24) , but a small number of difficult films were indexed with the use of INTEX, an interactive graphical program (25) . Refinement of crystal orientation, intensity measurements, scaling, postrefinement, and averaging were accomplished with the Purdue processing program package (26, 27) . As by far the largest amount of data was available for the full particles crystallized in the monoclinic space group, structure determination centered on this data set. A summary of the data used in this determination is given in Table 1 .
The orientation of the virion, within one asymmetric unit of the crystal unit cell, was obtained from the rotation function (28) at a point when only -35 percent of the data was available. At a later stage the particle orientation was determined more precisely by using the more complete data set described above. placed into position and used to compute a set of structure factors to 20 A resolution. The corresponding model phases were applied to the observed structure amplitudes for computation of an electron density map. This map was icosahedrally averaged and Fourier back-transformed to improve the phases and to allow phase extension (30, 31). Phases were extended one reciprocal lattice point at a time. This procedure worked well initially, but when 9 A resolution had been reached (after 21 steps of phase extension) the agreement between observed and calculated structure amplitudes (F. and F) was sufficiently poor that there was considerable concern about the validity of the whole process. A survey of heavv-atom derivatives was initiated at this juncture in which very partial data (Table 1) for the initial polypeptide chain tracing and amino acid identification. The twist between strands in the Pi sheets, the hand of a helices and the chirality of a-carbons showed that the map was a mirror image of the structure. This is the consequence of the arbitrary choice of particle orientation in conjunction with the selected particle center. Thus, the structure was fitted to the mirror image of Residue 38 is near the interior of the capsid close to the fivefold axis. There is a possibility that a few of the amino termini run along the fivefold axis to the exterior of the virus (see section on the cylindrical structure), while the remainder are associated with the DNA. It is indeed quite usual for amino ends of icosahedral viral proteins to be disordered and presumably to be associated with the internal nucleic acid. This is undoubtedly true for the basic amino termini of VP-1 of which there are but a few copies. It is surprising that the carboxyl tenninus is not on the viral surface (as is usual in many other icosahedral viruses), although it is on the surface of the isolated protein subunit. Thus, the polypeptide chain must fold on its own completely before assembly of the virion takes place. Parts of the polypeptide ( Table 2 ) that are less ordered are predominantly on the viral surface and include residues near the top of the threefold "spikes" and at the outside end of the cylindrical structures about the fivefold axes. Table 4 ). Amino 
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RESEARCH ARTICLEnucleotide sequence revealed similar sequences but at a frequency no greater than would be expected by chance. Nevertheless, the DNA binding site may be important for packaging of viral DNA by the capsid protein.
Sequence and structure comparisons. The structure of the CPV coat protein was compared quantitatively (43) with that of VP1, VP2, and VP3 of human rhinovirus 14 (HRV14), subunit A of SBMV (Fig. 5) , and satellite tobacco necrosis virus (STNV). STNV is the only known high-resolution T = 1 virus structure (44). Although the tertiary structure of the STNV coat protein fold is similar to CPV and other viruses (Table 3) , the organization of the quaternary structure is quite different (Fig. 6) . HRV14 represents a typical small RNA animal virus in both tertiary and quaternary structures and is similar to T = 3 plant viruses like tomato bushy stunt virus (45) and SBMV (38) , to insect viruses such as black beetle virus (46), and to comoviruses (47). The in vitro assembly of SBMV subunits as a T = empty shell shows similar subunit association as for the full T = 3 SBMV capsid (48) in the sense that the quasi-three-and twofold axes become icosahedral three-, and twofold axes and that the quasi-sixfold axes become icosahedral fivefold axes. Thus, the T= 1 CPV quaternary structure has considerable similarity to the T = 1 SBMV structure and hence also to the other T = 3 viruses (Fig. 6) .
Comparisons of a few typical virus folds with CPV are summarized in Table 3 the fivefold axes from a viral radius of 90 A to 107 A that is connected to residue 38. Much of this density is as high as the other polypeptide density. Although density along any of the symmetry axes is prone to error (due to symmetry averaging), nevertheless, it would seem probable that some of the amino ends of VP-2 or VP-3 are folded through the cylindrical structure. Presumably, if this is the case, then this fold is induced onto some of the viral proteins during the assembly of the particle, rather than the polypeptide being threaded through the cylinder after viral assembly is completed. In general, only one out of the five of the amino ends of VP-2 or VP-3 would be able to pack into the cylindrical structure. Support for this interpretation of the electron density map comes from the absence of any density along the fivefold axes in the map of empty CPV particles, which is consistent with the observation that only VP-2's in filll particles can be cleaved by trypsin (12, 13) . Apparently the presence of the DNA causes some of the amino ends of VP-2 or VP-3 to be outside of the particle. The conserved polyglycine sequence immediately prior to the clearly visible Val38 residue would be required both for flexibility and smallness in order to pass through the ,3 cylinder. Cleavage at Arg16 or Arg'9 would expose a group of moderately hydrophobic glycines. This process may be required for translocation of the virus across the plasma membrane (9, 12). An analogous situation exists in picornaviruses that lose the small internal VP-4 protein during the initial stages of infection. This protein is myristoylated in at least some picornaviruses (54) and may be required for membrane binding. The hydrophobic myristoylate is situated near the fivefold axes. Thus, the initial step of losing the VP-4 may be along the fivefold vertices (54). As the NS-1 protein has been shown to be external to the virion but attached to the 5' end of DNA (15), it is reasonable to assume that the DNA might also pass through the cylindrical structure, although the phosphates, sugars, and bases would have a larger mean radius than the polyglycine chain. Again, a comparison with picornaviruses is relevant, as their RNA is released from the capsid after the departure of the VP-4 (55).
Antigenic site, host range differentiation, and hemagglutination. There are only a few results detailing the amino acids associated with binding of neutralizing antibodies to CPV or homologous viruses. Residue Ala300 of CPV defines a common epitope in CPV and FPV for monoclonal antibodies raised to CPV (6). This residue is on the extreme outside surface of the virus and is at the tip of one of the loops forming the threefold spikes. Another residue associated with a CPV epitope is Asn93 (6), which is also on the extremity of the spike on the threefold axes (Table 4) . Thus, as in picornaviruses, the neutralizing epitopes appear to be on the most exposed surfaces of the virions. Residue Asn93 has also been associated with host range differentiation between CPV and FPV (6), suggesting that the differentiation might be associated with the antigenic properties of the viruses.
Recombination mapping has indicated that residues Asn375, Arg377, Val562, Ser564, and Gly568 are associated with the ability of CPV to hemagglutinate or alter pH dependence of hemagglutination (56). All but residue 564 are buried (Fig. IC) and are therefore unlikely to effect hemagglutination other than they might indirectly cause surface conformational changes.
The canyon. There are two major depressions (Fig. 1, B and C) on the viral surface; one is on the twofold axes, and the second encircles each of the fivefold cylindrical structures and is reminiscent of the canyon found in rhino-(31) and other picornaviruses. A variety of data indicates that the canyon is the site of receptor attachment in rhinoviruses (57). The residues lining the canyon surface are more conserved than those elsewhere on the surface in rhino-, entero-, and cardioviruses (58). The depression should hinder the binding of antibodies to the canyon but would allow virus binding to the receptor. Hence, the virus can conserve its ability to bind to a specific receptor while still rapidly changing its more exposed surfaces to avoid host immune surveillance. Of the two depressions on CPV, the canyon would seem to be the more likely site of receptor attachment both because it is narrow and, therefore, a better deterrent to antibody and perhaps because of its similarity in position to the rhinovirus canyon.
